Three aspects of physiology benefit from simulations. Physiology presents special challenges to the medical student because much of the subject matter is not a list of facts to be committed to memory (1, 6) , but instead is a science that contains temporal elements where processes develop over time. In the first and most general case, there are complex interactions among the processes that comprise integrative physiology, which can be difficult to comprehend all at the same time. The overall integrative control of the cardiovascular, pulmonary, renal, and endocrine systems has been the subject of many simulations in our department, both for research and for didactic purposes (2) (3) (4) .
Second are topics such as the nerve action potential, which can capture medical students' interest because they are dynamic events that can be explained by simple mechanisms. In the case of the action potential, the dynamic relationships among molecular events such as the activation and inactivation of the sodium channel and the activation of the potassium channel fully explain the experimental observations of threshold, refractory periods, and accommodation. (Here, the detailed mathematical structure of the model is not necessarily a relevant learning objective.)
Many relationships in physiology are quantitative, and they can be frustrating to medical students because such objectives stress numeracy, a skill that is not often an obvious element of their education elsewhere in medical school. Thus a third use of simulations is to offer problems to solve, such as drills to exercise the students' thinking about such concepts as osmotic pressure, Ohm's law, and membrane transport.
Improvements in computer and network technology facilitate the use of simulations for teaching. Students have had little direct experience with such simulations in the past, both because of the meager computing power that was available and because physical access was limited. As a consequence of greatly increased processor speed and computer memory resources, contemporary personal computers now have sufficient power to rapidly simulate many important physiological problems. Furthermore, the nearly universal implementation of graphical interfaces and presence of computer modems have made possible the establishment of the World Wide Web protocol on the Internet, which in turn has triggered the development of general graphical browsers such as Netscape Navigator and Internet Explorer, which support a rapid proliferation of Web sites that are of academic, technical, and commercial interest to the scientific community. But equally important is the fact that these improvements have made practical the application of simulation to the teaching of physiology in everyday medical course work in ways that had not been possible previously.
The link. This report describes our experience with simulations that address the latter two aspects of physiology, namely simulations of dynamic systems and of quantitative problems. Specifically, these laboratory exercises are designed to illustrate the underlying mechanisms at work in the nerve action potential and the electrochemical forces that act on individual cells. An active link to the programs discussed in this paper is currently available over the Internet from a server of the Department of Physiology and Biophysics at the University of Mississippi Medical Center (the address is http://phys-main.umsmed.edu).
PROVIDING WEB ACCESS FOR A COMPUTER-ASSISTED LABORATORY
Both physical and logistic challenges have hindered the use of computer-assisted learning by a general student audience, particularly in a laboratory setting. Browsers are software tools now available on the World Wide Web that have overcome many of these problems. A World Wide Web browser is software that automates the retrieval of information over the Internet and then renders that information in a consistent way, regardless of the particular configuration of computer, video display, and printer. In addition to solving the challenge of information exchange and display, the browser also offers solutions to many challenges inherent in the design of computer-assisted laboratory exercises.
Three generations of browsers have appeared in this decade. First were text-based browsers, allowing students to access a single copy of a laboratory assignment; this advancement allowed for an easy method to update the laboratory and maintain adequate ver-sion control. Second came graphical browsers, and these allowed for the construction of visually superior computer laboratories. Finally, in the last year, browsers were developed that recognized Java and Javascript commands, allowing for the local performance of logical and arithmetic calculations.
Student access and version control. Our initial experience with physiological simulations was text based, suitable for use with the first generation of web browsers (Electrochemical Forces and the Flow of Ions). This laboratory was an improvement over traditional computer-assisted learning in which the student reports to a specific location, at a set time, with only a limited opportunity to review the material at a later time.
Having a laboratory posted on the World Wide Web obviates these limitations. Any student with access to the Internet is able to access the web site that hosts the laboratory. The server is continuously available, and the fail-safe nature of the Internet ensures that the required material can be obtained with the click of an on-screen button at the student's convenience.
Before the network, our initial vehicle for distributing these simulations was by floppy disk. Recurring problems each year were whether the student was using the most up-to-date version of the software, the computer had a version left over on the hard disk from a previous year, or the student was using an old copy obtained from an upperclassman.
Current innovation in the area of the World Wide Web has greatly reduced these problems because the lab computers are configured to download the most current version of the software from the department server. Thus the students will not only have, unambiguously, the most current version of the software, but it is even possible for the instructor to change the simulation overnight or over the lunch hour, and the next student contact will again be with the most current version of the software.
In actual practice, we have been flexible concerning access to these laboratories because some students are highly skilled in computer and network use, whereas others have had only limited experience. The first group has had little difficulty running the laboratories from their remote site. To the second group, we have distributed the laboratories plus their viewers on diskette because permission to copy the viewers can be easily obtained for members of the academic community and the source files can be browsed from the hard disk as readily as from the Internet.
Platform independence and the common graphical interface. Our initial experience prompted us to redesign the laboratory to overcome the inflexible structure of the exercise, to improve the visual impact, and to allow for the laboratory to be run on either a personal computer or Macintosh. The new laboratory (Osmotically Active Particles and the Cell; Fig. 1 ) is possible because of two innovations: a defined mark-up language (Hypertext) that was universally adopted by graphical browsers and an interpreter inherent to the browsers (Javascript). The laboratory uses features of these innovations as implemented in Netscape Navigator 3.0.
A mark-up language serves to define how text and graphics appear in print or on a computer screen. The Hypertext mark-up language is highly structured and is designed to consistently render the content of a document on a variety of video displays, be they Windows or Macintosh based or on an ANSI-defined terminal such as a VT-100. As such, the language stresses the logical organization of text and graphic material; consequently, it is not possible to specifically define the location of individual elements of a screen, because there is no standard definition of the resolution of the screen.
With this tool, the new laboratory has a common interface ( Fig. 2 ) that is divided into four areas. In the right of the screen is the area where the problem is stated, equations listed, and questions asked, as well as a series of alternative answers to choose among. The left of the screen contains a diagram of a cell in a large volume of extracellular solution, summarizing visually the information given in the text on the right. Finally the banner across the bottom of the screen is initially empty, but is loaded with commentary depending on which answer is chosen, telling the student The same general format serves for examples that pertain to molecular concentrations as well as membrane voltages (Fig. 3) . Similarly, the modular structure allows for the construction of drills, where, in this case, questions are posed concerning the driving force on a variety of ions of differing concentration and valency and at a variety of membrane voltages.
It is the second innovation, inclusion of interpreters for a computer language, that makes it possible to construct a dynamic laboratory exercise that can be executed over graphical browsers. Actually two quite distinct languages currently share the spotlight, Java and Javascript. Java is a high-level programming language designed for a server-client system, where the server has control over the session. By contrast, Javascript is an interpretive language, where the logical and arithmetic calculations are performed on the local computer by code that is contained in the document. We chose Javascript to implement the laboratory Osmotically Active Particles and the Cell.
Control of the logic flow in this laboratory means, for instance, that by clicking on the button in front of a selection in the second window an instruction is generated to open the file appropriate to that choice and that contains the explanatory text and graphics for the bottom frame. Similarly, by clicking on the appropriate choice in the bottom frame, a computer instruction is issued to move to another screen of information, either to start all over, to load the previous screen, or to proceed on to the next screen (only available when a correct answer is chosen).
Control over arithmetic functions allows for the construction of screens that perform simple calculations, so, for example, the students can see the quantitative consequence of modifying ion concentrations or valence on the Nernst potential (Fig. 4) .
Taken together, these innovations have allowed for the construction of problem sets that deal with concepts that had previously appeared to be true didactic challenges. For example, many students in the past have had difficulty with the concept that a relatively tiny number of charges are required to generate a membrane voltage, relative to the number of ions in the bulk solution. By constructing the logical flow of the laboratory such that these numbers were first calculated and discussed, it was then possible to pose a membrane voltage calculator that calculates the consequence of moving charges on the membrane potential (Fig. 5) .
FIG. 2.
Structure of the computer screen image. All screens in the laboratory have a common interface that is composed of 4 frames. Right of screen contains 2 frames: the top frame contains text that introduces the topic of the screen and typically poses a question. In this first screen that the students encounter, text introduces the permeability of the lipid bilayer and asks which of 3 ions is most permeant. Left of the screen contains a diagram of a cell in a large volume of extracellular solution; thus the contents of the cell and the extracellular solution are summarized visually. Finally, the bottom of the screen is initially empty saying only ''Answers here,'' but then contains a commentary on the answer chosen, whether or not it is correct and why. This illustration was printed after the button in front of ''urea'' was chosen, triggering the display illustrated. As an aid to orient the student and instructor, the top banner line contains the title and index number of the module being displayed.
The example that brings together all the electrochemical and osmotic forces discussed in this laboratory is the initial function of a sodium-potassium pump in a cell whose ionic composition is essentially that of the extracellular space (Fig. 6) . In this simple model, the pump reduces sodium concentration by 1 mM in each iteration and then calculates the consequent changes in the cell volume, membrane potential, and the concentrations of potassium, chloride, and protein.
The results are reported in the left frame, but, in addition, the entire time course of the changes is available for display by clicking on a choice that loads plots of the time course of cell volume, ion concentration, and membrane potential changes (Fig. 7) .
Simulations of differential equations. As with biological organisms, systems of differential equations can exhibit behavior that is better understood first by observation and then by a verbal description. With such an approach, the learning experience is turned inside out from text-based learning. For example, in the past students have approached the problem of excitable membranes with words, attempting to construct a mental image of the workings of an action potential. Attempts to correct misunderstandings, also using words, sometimes got the instructor and student only a little closer to a working understanding of the actual event. With this laboratory exercise (Nerve Action Potential; Table 1 ), the working model exists visually first for inspection and only then do words proceed from the event.
Graphical browsers are surprisingly flexible, adapting to novel file structures for graphics, video, and sound because it is possible to use external utilities, or add-ins, to interpret the new file's information, according to its characteristic three-letter extension at the end of the file name. We have chosen to use one such utility, Vissim, to display the behavior of the system of differential equations as originally set down by Hodgkin This utility predates Java and Javascript and so is platform-specific to Windows-based computers. However, the advantages of student access and version control still apply, as does the general utility of using a graphical browser to display the results calculated by the Vissim simulations, regardless of the screen resolution at the student's computer. One additional advantage to this approach is that only short text files are downloaded over the network, with each new simulation requiring only the downloading of a brief text file that is then interpreted locally by a ''read-only'' version of the Vissim viewer; this read-only feature ensures that the student acquires new exercises rapidly but cannot accidently modify the structure of the model being simulated. The one disadvantage is that time must be taken to download the viewer (950 kbytes in a compressed format).
As with the other laboratory exercises, the student sees a common interface (Fig. 8) . This is designed to be highly interactive. In the example shown, the student can change the setting on a stimulator, either altering the amplitude or the duration of the pulse of electrical current. The consequent behavior of the membrane potential is plotted on the right of the computer screen. When the students alter the variables that are readily available to them and the variables plotted on the screen, the various laboratory exercises demonstrate the concept of threshold stimulus, the underlying currents of the action potential and its upstroke, and the inactivation of the sodium channel that underlies the refractory periods and accommodation.
FIG. 4.
Numerical calculations: Nernst equilibrium potential calculator. The construction of a screen that accepts numerical inputs and then calculates the Nernst potential is possible because Javascript supports algebraic as well as logical calculations. The specific purpose for the calculator is to provide specific values for the equilibrium potentials needed for the exercises that follow (as illustrated in Fig. 3 ). More generally, the user can gain an appreciation of the Nernst relationship without being a captive of the underlying numerical manipulations.
This laboratory exercise has effectively combated an erroneous notion fixed in the minds of certain students in years past, namely that the threshold current and voltage are constants worth memorization. The existence of absolute and relative refractory periods is introduced to combat this error (module 6). In this module, the threshold can be examined at different times after a conditioning action potential. Because the potassium current is also displayed, the student can compare the powerful influence of inactivation versus the lesser effect of the outward current in reducing nerve excitability. The module on accommodation (module 7) reinforces these concepts. Thus the use of an interactive, graphical interface has avoided what in previous years had been a serious didactic challenge. Before the development of this exercise, students experienced difficulty in understanding the concept that the action potential threshold shifts according to the degree to which the sodium channels are inactivated. Now, most students correctly observe the natural behavior of the nerve's threshold as the membrane potential is shifted either dynamically, as during the refractory period after an action potential, or to a steady-state value, as during accommodation.
The final two modules of the laboratory reflect the flexibility of using a graphical viewer and the World Wide Web. In response to questions that originated from material from the neural sciences taught elsewhere in the curriculum, we constructed simple examples that demonstrated the potential instability of the nerve membrane that can generate trains of action potentials (module 8) and inhibitory currents (module 9).
Security and copyright considerations. Inherent to the structure of the World Wide Web is a high degree of visibility for the events that take place over the Internet and on the individual's computer. As a consequence, it is not effectively possible to control distribution of the computer files that contain the laboratory exercises, although the overall design of this approach is to leave behind no temporary files that would clutter the working area on the students' hard disk. The graphical browsers even allow the computer user to view the source code used to generate a given screen, essentially abolishing any secrecy that might be required for security in proprietary programs.
The reason for this design is that the originators of the Internet and the World Wide Web generally wanted to limit commercial and proprietary dominance of the network. Thus viewers and browsers work best that are freely distributed in some form for the ready adoption by a broad range of users. Such a design philosophy actually leads to an important plus for the student working at a distant site, who can save files as they are downloaded and work the exercises off-line, minimizing the modem connect time.
A drawback to such a system, and a caution to the teacher, is that it is very difficult to construct a laboratory that is not subject to emulation or misappropriation.
However, a commercial peculiarity of the World Wide Web is that browsers, including the read-only version of Vissim, are often free in some form, and their distribution is generally encouraged by companies that want to gain ''market share'' for their other, more valuable products. Without such a novel marketing approach, it would not be economically feasible to distribute laboratory exercises such as the ones described in this paper.
Furthermore, by their nature, browsers contain the code necessary to interpret Hypertext and Javascript, so it is not necessary for the author of laboratories such as our Osmotically Active Particles and the Cell to have anything more than the very simplest text editor and a browser with which to test the output. Similarly, the student needs no more than a browser that complies with the rules set forth for Hypertext and Javascript to run the laboratory exercises.
Usage summary. Network servers log their usage, and the analysis of this information can assist in better understanding the design of computer-assisted laboratories. In terms of general server use, the exercises that are Javascript based are far more network intensive, with 24,407 hits on the day of the laboratory, for instance, versus 1,706 hits for the action potential simulation laboratory. These numbers compare with 26,310 and 5,763 hits for the entire day, respectively, and 584, the average daily rate of hits seen by this server during a period of ordinary activity, namely the time between the section examination and the midterm examination. The laboratory on osmotically active particles invited more repeat visits, as there were a total of 45,033 hits in the period of time between the beginning of the lectures and the examination versus a total of 1,760 hits for the period of time between the section examination and the midterm examination. Thus a computer laboratory can dominate the usage of a department's Web site, in this case peaking at 93% for the Javascript-based exercise, yet never become a technical challenge to the server, as peak use was never greater than three hits per second.
From the students' point of view, the length of time required for network communications depended on the construction of the laboratory exercise. With Javascript, the files were small but many and so network communications were brief but frequent. The laboratory on the osmotically active particles and the cell was composed of a total of 319 Javascript files, Student begins laboratory via a graphical browser by clicking through a series of menus starting at the physiology home page (http://phys-main.umsmed.edu). Along the way, instructions for the first-time user as well as background information are given in Hypertext introductory material. Individual simulations themselves are sent as a response to a click on a icon embedded in the laboratory narrative. Also available are Hypertext worksheets and laboratory objectives that can be printed out locally; these duplicate laboratory handouts, but are available if supplies run short or if the exercise is being run at a distant site. Laboratory handout includes not only questions that reinforce the application objectives but also space to plot relationships that illustrate the objectives as well. The simplest interaction between the student and this laboratory occurs in module 1, where a simulation of the action potential is displayed in response to the F5 key, as calculated according to the quantitative formulation of Hodgkin and Huxley (5) by the software Vissim. Examining the threshold of the action potential begins with module 2, where most find immediate delight in the existence of a threshold and quickly grasp the implications of positive feedback afforded by the opening of the voltage-sensitive sodium channels (modules 3 and 4 ). Because Ohm's law holds for the voltage-sensitive sodium and potassium channels, module 5 displays the sodium current along with driving force and conductance. The counterintuitive drop in current magnitude at small driving forces offers an opportunity to reinforce the importance of both the number of channels open as well as the electrochemical force on the permeant ion. Module 6 uses relative and absolute refractory periods to teach that the threshold depends on the degree to which sodium channels are inactivated, as reinforced by the process of accommodation (module 7 ). Modules 8 and 9 are supplementary exercises to demonstrate pacemaker activity and effect of inhibitory currents. averaging 704 Ϯ 480 bytes, plus two graphic interface format (GIF) image files of 12 and 24 kbytes. The second laboratory on action potentials used fewer but larger files (28-31 kbytes) so the time to download each unit was longer. Furthermore, users at a remote site required the special-purpose Vissim browser (950 kbytes in a compressed file), resulting in a one-time protracted download.
It is also possible to assess the degree to which the laboratories were run from the computers on campus versus at a remote location. On the designated day for the particular laboratory, 95 and 85% of the hits were from university computers for the laboratories on the osmotically active particles and the action potential, respectively, with most of the remaining hits from commercial network providers, presumably the services used by the students. In the period of time between the beginning of the lectures and the examination, the percentage was similar, 88% for the combined hits to the two laboratories. Thus, with experience, students were able to increasingly take advantage of remote computing over the Internet. By contrast, in the period of time between the section examination and the midterm examination, only 40% of the hits were from university computers; the remainder were in part from commercial providers (4%), but an increasingly large share of the hits were from other educational institutions both in this country and abroad. In addition to data on the physical usage of the network, it is also possible to trace the performance of the students in their choice of answers. For the question in Fig. 2 , the server logged 104 correct selections during the laboratory period and 16 incorrect answers. The more difficult question in Fig. 3 was incorrectly answered 35% of the time, with the most common error being the direction of the current. Thus it is possible to review the actual usage of the laboratory exercise to better understand the students' strengths and weaknesses.
SUMMARY
A computer simulation has many advantages over a static presentation. The dynamic display of the action potential presents a strong visual image that aids in learning. Even more important is the opportunity for the student to alter variables and observe the consequent voltage-and time-dependent changes in excitability. From the student's perspective, each module addresses a single concept, offering the individual an opportunity to actively answer questions and solve problems to better understand the nerve action potential.
The open, networked approach taken with these laboratory exercises offers equally important advantages over applications that originate from the user's computer. World Wide Web-based applications offer easy access, not only in the physical facility at the university but also at any computer that is connected to the Internet. Thus the instructors can modify the application in a way that the resulting changes are instantly available to all, and students can do the laboratory during assigned hours or at home and can return to the exercises as needed. With currently available software tools, any set of differential equations and algebraic relationships can be visually rendered on an individual's computer, illustrating physiological concepts as elemental as the action potential and as complex as the integrative physiology of the cardiovascular system. Contemporary graphical browsers offer yet another layer of important advantages, with the opportunity to construct laboratories that are platform independent in graphical content, in logical manipulations, and in arithmetic calculations. With these tools, it is now possible to develop complete physiological simulations that will run on a wide variety of computers with a nearly transparent ease of distribution.
